Consistent stellar evolution models of F stars (1.1 to 1:5 M ) are calculated with radiative forces, opacities, and di usion for all elements included in OPAL's opacity tables. The opacities and radiative forces are continuously recomputed during evolution from OPAL's monochromatic data ( 1.5 Gbyte) in order to include all e ects of abundance changes due to di usion and nuclear evolution. TOPbase is also used for radiative accelerations.
Depth of convection zones and abundance anomalies
F stars are at a pivotal mass for stellar evolution. The super cial H-He convection zone gets rapidly deeper as T e decreases from 7500 to 6000 K (see Richer & Michaud 1993) , the domain of F stars. The Li gap (Boesgaard & Tripicco 1986) , that occurs at a T e 6700 K, is the signature of some particle transport process (Michaud & Charbonneau 1991) . The Fm stars are at the low T e limit of the of Bp, Ap, and Am star phenomenon where most of the observed anomalies are probably caused by atomic di usion (Michaud 1970) . It seems crucial to understand properly how the anomalies are generated in Fm stars, in order to understand the link between the peculiar stars, the Li gap and the relative homogeneity of abundances in solar type stars. This is especially true now that helioseismology appears to have con rmed the importance of atomic di usion in solar type stars.
Stars of spectral type F often feature substantial surface abundance anomalies. The type of anomalies varies as a function of T e . The Fm stars, as well as the higher T e Am stars, are de ned at the classi cation level by iron{peak element overabundances and a calcium de ciency (Cayrel et al: 1991) . They have overabundances of many elements more massive than scandium by factors of 3 to 10. Most, if not all, Fm stars are members of binary systems and are slow rotators (Abt & Morrell 1995; Abt & Levy 1985) .
The lithium abundance exhibits a pronounced dip around 6700 K (Boesgaard & Tripicco 1986; Michaud & Charbonneau 1991) especially in clusters of the age of the Hyades. In this cluster, the Li abundance follows a well de ned pattern, with little dispersion at a given T e (i. e., stellar mass). In the same stars, most metals are however observed to be mostly solar (within factors of 1.5 or better), again with little dispersion except in the Fm stars. Results for open clusters of vastly di erent ages, from the 70 Myr old Pleiades to 1.5{2 Gyr old, suggest that the Li dip depends on the age of the cluster which explains the larger dispersion observed in eld stars.
Turbulent mixing due to di erential rotation and/or gravity waves (Schatzman 1996) has also been suggested to play a role in explaining the Li dip in open clusters (Vauclair 1988; Chaboyer et al: 1995) . It appears to play a role in explaining the gradual reduction of Li with age in solar type stars (Michaud & Charbonneau 1991; Richard et al: 1996) as well as in explaining anomalies of other elements in population II stars (Sweigart 1997) . Mass loss has also been assumed to play a role in limiting the abundance anomalies in Fm stars (Michaud et al: 1983) as well as for the high T e side of the Li gap stars (Michaud 1986) .
Although the T e at which the Li dip occurs in open clusters as well as the maximum underabundance of Li follow without the introduction of any arbitrary parameter from stellar evolution calculations once atomic di usion is included, Richer & Michaud (1993) also found that the T e interval predicted by the models was too narrow or equivalently that a smaller number of stars should be a ected by the settling of Li than are observed to have Li underabundances. Furthermore the observed solar and apparently uniform abundances of C, N, O, and Fe are strong constraints on atomic di usion. Evaluations of expected surface abundances from accurate { 3 { radiative forces done by Gonzalez et al: (1995a) and LeBlanc & Michaud (1995) indicate that non{solar abundances for these elements could be expected. However, the di usion of Fe or O can have important consequences for stellar structure and evolution which could modify the comparison of predictions and observations.
It is the goal of this paper to evaluate how the di usion of metals impacts on the structure and evolution of F stars. One then obtains the rst entirely self-consistent stellar evolution models for these stars. In the \standard" models, atomic di usion was arbitrarily neglected. We recognize that the e ects of atomic di usion are most likely to be reduced in most stars by hydrodynamical processes. However the only appropriate way to calculate this is by introducing the e ects of atomic di usion and of the competing processes. Our approach is to obtain the evolutionary models with all e ects of atomic di usion rst. These are the evolutionary models which can be calculated entirely from rst principles, without arbitrary parameters other than the mixing length, which we calibrated in solar models (Turcotte et al: 1998) (though there is no guarantee that a single mixing length is appropriate for the Sun and F stars). Then one may introduce the e ects of the competing processes. Currently this can only be done using some arbitrary parameters. However there are now 28 abundances that can be used to constrain those arbitrary parameters.
In a model coupling helium di usion and evolution, Richer & Michaud (1993) estimated the impact of the di usion of helium on stellar structure and the predicted Li dip. A more consistent coupling of evolution with the di usion of metals was hampered up to now by the lack of reliable radiative forces and because the use of Rosseland opacity tables does not permit to calculate the e ect of changing relative abundances of metals. It is necessary to compute the Rosseland opacity from monochromatic spectra for each element at the same time as their relative abundances change.
We rst examine the calculated radiative accelerations and the predicted abundance pro les for stars of 1.1, 1.3, 1.4, 1.45, and 1:5 M . The impact on stellar structure and evolution is then summarized. Of particular interest is the e ect of opacity on the boundary of the surface convection zone. Di usion has a direct e ect on opacities by changing abundance pro les in the star. It can also have an impact on the stability to turbulence by establishing a mean molecular weight gradient.
These models are limited to slowly rotating and non{magnetic stars. Any e ect of binarity must be small so that the star remains spherically symmetric and that there is no mass transfer.
Models
The evolution code used here is described in detail in Turcotte et al: (1998, hereafter paper I) . It includes the di usion of metals in the presence of radiative forces (the latter are discussed in more detail in Richer et al: (1998) , paper II from now on) as well as the self consistent changes in { 4 { the Rosseland opacities. There are no free parameters other than the mixing length parameter ( ). The value of was determined in solar models as described in paper I where a special model of the Sun with Eddington's gray atmosphere was converged so as to determine with the same boundary condition as used here. All models, both with and without di usion, were computed with the same of 1.687 appropriate for the Sun in models with the di usion of all elements. Using the same for models with and without di usion isolates the e ect of atomic di usion on evolutionary models. For other purposes, one could determine the used for non-di usion models using a converged solar model without di usion. Most models (labeled EFF, for the Eggleton{Faulkner{Flannery equation of state) were calculated without the Coulomb correction to the pressure in the equation of state (see x 3.1). Some models, labeled CEFF, were calculated with this Coulomb correction (see x 3.4).
Neither turbulent mixing outside of convection zones nor mass loss are included. The model is calculated from the pre{main{sequence up to hydrogen core exhaustion except when calculations were interrupted because of the appearance of numerical instabilities.
The models feature Rosseland mean opacities calculated from monochromatic spectra for all the elements included in the opacities of Iglesias & Rogers (1996) . The opacities are recalculated at each time step as the abundances, and so the mix, change. The latest OPAL monochromatic data (Iglesias & Rogers 1996, private communication) are used in the models presented here. Rosseland mean opacity tables are only used for comparative purposes. Our calculation of the Rosseland opacity has been veri ed by checking it against the Rosseland opacity tables for the same mix. During the evolution calculations approximately 50 % of the total 1.5 Gbytes of tables must reside in live memory.
Radiative accelerations (g rad ) are integrated from the same monochromatic spectra as the opacities. The g rad on C, N, O, Ne, Mg, Si, Ar, and Fe are corrected to include momentum transfer to electrons and other ions using atomic data taken from the TOPbase database, as discussed in paper II (see also Gonzalez et al: 1995b) . Radiative forces on other elements are not corrected (for most of them we did not have the necessary data). The radiative accelerations on all elements calculated are shown in Figure 1 Figure 1 goes about here.] at the beginning of the main{sequence life of 1.3 and 1:5 M models. The abscissa is the fractional mass of the star above the point of interest. Close to the surface, each curve ends at the base of the convection zone. While, as the stellar mass increases, the radiative accelerations increase only progressively compared to gravity, the pattern of abundance evolution tends to change suddenly as the radiative forces become larger than downward forces over a signi cant fraction of the star. In the 1:5 M model, the radiative acceleration on iron peak elements are larger than gravity over a signi cant mass interval below the convection zone. This is not the case in the 1:3 M model. In the latter only P, Cl, and K are supported. Note that below the convection zone in a 1:3 M star, thermal di usion is approximately 40 % of gravity for metals (acting in the same direction), as can be seen in Figure 2 , so it is not su cient for g rad =g to be larger than one for atomic di usion to be upwards. The corrections to radiative accelerations calculated using the OP data typically decrease the radiative forces and they are usually largest near the core where di usion has little in uence in F-type (and earlier) stars (see Fig. 6 of paper II). In the temperature interval from 10 5 K up to 5 10 5 K, typical of the base of super cial convection zones for stars of 1.3 to 1:5 M , the correction factors are usually not very di erent from unity. In a few cases the radiative acceleration is decreased by up to 25 %. One evolution of a 1:4 M star is done (see below and Fig. 12 ) with correction and one is done without to show the impact they have and evaluate the e ect of any potential uncertainty of the correction factors.
Results

Global model properties
The evolution of stars of 1:1; 1:3; 1:4; 1:45, and 1:5 M was followed in detail from the pre-main{sequence and is shown on To link evolutionary models to observed stars, one must have an absolute T e scale. Its accuracy is limited by that of ux measurements and of model atmosphere construction (M egessier 1997; van't Veer-Menneret 1996) . It is currently 1.5 % of the T e or 100 K at 6700 K, the center of the Li gap. This is for stars that have been studied very carefully and have well determined photometry.
Fully consistent di usion models (continuous lines, Figs. 3 to 5), as well as models including helium di usion only (dashed lines) and models without any di usion (dotted lines) were calculated to highlight the impact of letting metals drift within the star. As the stellar mass increases, so do the e ective temperature and luminosity while the mass of the super cial convection zone decreases rapidly above 6500 K. Since the time scale of abundance variations in the convection zone is approximately inversely proportional to the square root of the mass of the convection zone, (Michaud 1977 ) the di usion time scale decreases and the e ect of di usion is larger in more massive stars.
In stars more massive than 1:3 M , the T e di erence between a model with, and a model without di usion can reach approximately 150 K. It is to be related to the e ect of helium { 6 { gravitational settling in reducing the depth of the convection zone. Convection zones (Fig. 4) in models with di usion are always shallower than in models without di usion. It is deeper in the models with metal di usion than in models including only He settling. In stars with M > 1:3 M , the metal di usion models have a convection zone a factor of 2 less massive than the non{di usion models but from 3 to 5 times more massive than models with He settling only. It is shallower than in the non{di usion case because of helium settling (see Vauclair et al: 1974; Richer & Michaud 1993) . The reason why metal di usion increases the depth of the convection zone will be analyzed below. In models with deeper convection zones, the fraction of the star with the maximum temperature gradient (that of a convection zone) is larger, so that the surface temperature is reached for a smaller radius. The radius of the star is then smaller which, for a xed luminosity, increases T e , as shown in Figure 3 .
Figure 4 goes about here.]
A way to evaluate the e ect of di usion in the core is to look at the luminosity which depends mainly on conditions in the nuclear burning core contrary to other parameters which are mainly dependent on surface conditions. Figure 5 shows that the luminosity is not much a ected by letting metals di use in the core (some iron{peak elements are supported by radiation in the core). In the core of a star, di usion is slow because of high densities and mean ionization. In solar type stars or halo Pop II stars there are abundance changes of some 3 to 10 % because of the relatively long main{sequence life of those stars. As the stellar mass increases, the evolution time scale decreases while the di usion time scale in the core does not change much so that, in the more massive stars modeled in this article, di usion in the core is negligible. 
Abundance variations
Figures showing surface abundance evolution, abundance pro les, and radiative accelerations for all metals of each model are found in Turcotte (1997) . Figure 6 shows the abundance pro les as a function of mass above the point of interest inside a 1:4 M model, after 1 Gyr of evolution. This is approximately the time when the convection zone is thinnest. The surface is at the left. At that age, T e 6700 K and the super cial convection zone reaches down to a depth 3 of log( M=M ) = ?4:8. Twenty four elements and Z are shown.
Isotopes of He, C, N and O are followed but are not shown. The abundance pro les are a ected by di usion down to a depth of 0.1 % to 1 % (compare for instance the Si and Ti pro les). Deeper than that, abundance variations are mainly caused by nuclear reactions. In the convection zone, abundance variations reach a factor of 4 for Ni and of 1/4 for C, N, O, Ar and K. The other anomalies are slightly smaller and depend mainly on the relative value of g rad and g. The solution for P is apparently strongly a ected by excessive numerical noise in the corresponding g rad (P) pro le, similar to that seen in Figure 1 .
One may understand from Figure 1 the atomic mass number dependence of the abundance variations seen in Figure 6 . The g rad =g ratio is slightly larger at a given M=M in more massive stars because the T e 4 =M ratio (the radiative ux to mass ratio) increases with M. However the increase is not very large over the mass range considered and the di erence between atomic species is mainly determined by the state of ionization which mainly depends on T and so M=M as can be seen from Figure 1 by comparing radiative accelerations for the 1.3 and 1:5 M models. At a given depth the g rad =g ratio is very similar in both models so that it should also be very similar in the 1:4 M model. The main di erence in surface behavior of abundances comes from the T e dependence of the convection zone depth. At the bottom of the convection zone in the 1:4 M model, M=M ?5. From Figure 1 , the heavier iron peak elements (Cr, Mn, Fe and Ni) are then supported by g rad but not the lighter elements except for Al and P. This corresponds to the elements that are calculated to be overabundant in the convection zone in Figure 6 . In general iron{peak elements follow trends similar to that of iron but with varying overabundances depending on the shape of their g rad pro le and most importantly the point where it exceeds gravity. The deeper that point is in the star the larger the overabundances can become. At lower masses (i. e., in the Sun or at 1:1 M ) iron sinks and is overabundant only in the core. Because of its small abundance, Ti often has the largest g rad of the iron peak elements. Unfortunately, Sc is not included in the OPAL opacities and so the atomic data for its g rad is not available. As can be seen from Figure 1 , S, Cl, Ar, K, Ca, and Ti are not supported by g rad at the base of the convective zone but are supported deeper in the interior. For these elements, an overabundance shell{like cloud forms at a depth and with a thickness determined by the shape of the g rad pro les (see Figure 6 ). This cloud can in uence the structure through its opacity; it is also important in the evolution of surface abundances when it is dredged up by a deepening convective zone at the end of the life on the main{sequence. The elements that form this kind of cloud depend on the star, e. g., Cl for models more massive than 1:3 M , Ca, Ti, and S above 1:4 M . In a 1:5 M star, Fe has a similar cloud.
The radiative forces on carbon, nitrogen, and oxygen are always small compared to gravity and all three sink at a rate similar to that of helium. The radiative accelerations of neon and magnesium are of the same order as gravity but they do not exceed it in F stars and so their abundance evolution is similar. This could be di erent in more super cial zones. Figure 7 shows the evolution of surface abundances in the 1:4 M model for the entire main{sequence lifetime of that star. These surface abundances can be related to the internal abundance pro les shown in Figure 6 . At the end of the evolution, dredge up brings to the surface material which has been mainly a ected by settling. The abundances are then close to their starting values. There remain small under or overabundances since the bottom of the convection zone is at M SCZ =M ?3:5, where di usion has had some e ect (see Fig. 6 ).
Figure 7 goes about here.]
For models up to 1:45 M di usion is found to a ect the abundance pro les down to 0.1 % to 1 % of the mass (see e. g., Ti in the 1:4 M model). In the 1:5 M model, abundance changes are limited to much more super cial regions because calculations had to be stopped after some 40 Myr following the appearance of numerical instabilities probably caused by larger advection velocities than can be followed with the minimum time step size chosen. Smaller time steps could solve the problem but would stall evolution calculations. This arises in the 1:5 M model because it has the thinnest convection zone. At the end of its main sequence life, presumably the upper 0.1 % of the mass would be a ected by di usion and lled with shells of various abundance anomalies. The largest anomalies are expected close to the surface where the di usion time scales are smallest.
The evolution of surface abundances for hydrogen, helium, iron, and the total metal mass fraction, Z, is shown in Figure 8 . It shows iron is overabundant at the surface for stars of 1.4 and 1:45 M . In the same models Z has decreased. Around the end of the evolution of the 1:4 M star, the e ect of dredge-up is clearly seen in all the abundances shown. In particular the Fe overabundance disappears after approximately 2 billion years. In the 1:5 M model, Fe is not supported in the convection zone, at least not during the rst 40 Myr of main{sequence life, but other iron{peak elements are supported. However, this star is only starting its main{sequence life. The evolution of the Fe abundance will depend on but also modify the position of the bottom of the convection zone. While these results show that Fe is underabundant for part of the evolution of a 1:5 M model, it is possible that it would be overabundant for part of the following evolution.
Figure 8 goes about here.] Figure 9 shows surface abundance changes for all the elements in our mix at a few selected ages. The 1:1 M model behaves much like a solar model. All elements are a ected by gravitational settling at a similar pace. There are variations from element to element coming from g rad and ionization but they are not large enough to change the sign of the di usion velocity and so transform an underabundance into an overabundance for any element. The only element whose mass fraction increases in the super cial convection zone is hydrogen which replaces the others. The underabundances continue to increase for some 5 billion years, when dredge up starts. The larger underabundances of Li, Be, and B, are caused by nuclear burning. The value of Z varies similarly as most metals.
{ 9 {
Because its convection zone is a factor of 20 less massive than that of the 1:1 M case, the abundance variations are a factor of 4{5 more rapid in the 1:3 M model. Furthermore, as can be seen from Figure 1 , the g rad are either larger than gravity or very close to it for elements with atomic charge Z between 15 and 20 so that those elements are either slightly overabundant or slightly underabundant in Figure 9 . Iron peak elements are also signi cantly a ected by g rad and are less underabundant than CNO. Nickel is very nearly supported. One then sees appearing at the stellar surface the di erential e ects of g rad . The metal mass fraction Z varies mainly as CNO.
In the 1:4 M model, the radiative accelerations below the convection zone are largest for elements around Al and Ni but are smallest for elements around S and CNO. The g rad are relatively more important and this modi es the pattern of abundance anomalies. Iron peak elements are generally overabundant while CNO are underabundant. The abundance anomaly factors reach 3 and 1/5.
The same trends continue in the 1:45 and 1:5 M models. As the convection zones continue to get less massive, larger abundance anomalies appear, the time scales are shorter and the degree of ionization of each atomic species decreases at the base of the convection zone. This leads to a shift in which elements are supported. In the 1:45 M model, in spite of large abundance changes of many important elements, the metal mass fraction Z decreases by at most 10 %. The large CNO underabundance is nearly exactly canceled by the overabundance of iron peak elements. Lithium is depleted by a factor 0.2 around the Hyades age in the 1:4 M star, and by a factor of 0.07, in a 1:45 M star as early as 350 Myr. The Li abundance then continues to decrease in this model. The age at which occurs the maximum e ect of di usion on Li varies with stellar mass. It is at around 10 9 yr in a 1:4 M star. However in the 1:3 M model, the reduction is at most by a factor of 0.55 and only after 2 Gyr. At the age of the Hyades, it is by a factor of 0.7 . Li is supported at the beginning of the evolution of the 1:5 M model. The results obtained here for Li abundance evolution con rm those of Richer & Michaud (1993) . The di erence comes from the inclusion of the evolution of metals and of their abundance variation at the same time as that of Li. The light elements Li, Be, and B are not present in the OPAL spectral database. For lithium, a treatment similar to that of Richer & Michaud (1993) was adopted: a simple composition independent spectrum was assumed for the background photon ux and the radiative accelerations were obtained by integration over individual lines. To speed up calculations with Be and B, similar calculations were performed in advance in a xed stellar envelope model and a table of the resulting log g rad values was used for linear interpolation in the present models.
{ 10 { 3.3. Impact of the di usion of metals on stellar structure and evolution
The main impact of the di usion of metals on stellar structure stems from their contribution to opacities. Rosseland mean opacities calculated from the monochromatic spectra are compared with the opacities interpolated in OPAL96's Rosseland mean tables for all our models close to the time when the super cial convective zone is shallowest (Figures 10 and 11) . For all models more massive than 1:3 M there is a spike in the opacity ratio at the base of the super cial convection zone. This feature is directly related to the iron and iron{peak elements overabundances in and below the convection zone. Within the convection zone, the iron peak abundance is independent of radius since convection zones are e ciently mixed. The ratio R (monochromatic)= R (X; Y; Z) then varies within the convection zone because the contribution of iron peak elements to the opacity varies with depth even if their abundance is constant with depth. Close to the surface, hydrogen and helium contributions to opacity dominate and are the same for R (monochromatic) and R (X; Y; Z) so that the ratio approaches 1.0. Close to the bottom of the convection zone, the contributions of H and He to the opacity decrease so that the relative contribution of iron peak elements increases and the larger iron peak element abundance caused by di usion leads to a large increase of the Rosseland opacity when it is calculated taking the iron peak abundance changes into account ( R (monochromatic)). However in the OPAL tables ( R (X; Y; Z)), the mix leading to Z is xed, and the value of Z decreases in the convection zone because oxygen, the most important contributor to Z, is sinking out of it.
It is especially instructive to understand in detail the three spikes in the opacity ratio Figure 11 goes about here.]
for the 1:5 M model (see Fig. 11 ) where, beneath the convection zone, clouds of iron and other iron{peak elements have a large impact on Rosseland opacity. The opacity ratio is nearly one everywhere else in the model, even if there is a region of metal underabundance below the iron peak spikes. At the moment the evolution was stopped, are shown, under the opacity ratio, the abundance pro les for O, Ar, Ti, Cr, Mn, Fe, and Ni (solid lines). The opacity spikes are correlated with abundance maxima of all these elements except O. The radiative accelerations are also shown (dashed) at the same evolutionary step. Each abundance spike is close to the point where radiative acceleration and gravity are equal for that element. This is expected since an element accumulates where its di usion velocity is zero when it is pushed upwards from below. Since gravity and radiative forces are the dominant driving forces for di usion, this occurs approximately where they are equal; even in the absence of a composition gradient they don't need to be exactly equal because of the contribution of thermal di usion. The evolution of this star had to be stopped after less than 50 Myr because of numerical instabilities. It is clear however that the overabundances of Ti, Cr, Mn, Fe, and Ni are to continue { 11 { to increase by another factor of order 10: over part of the mass range covered by the abundance spikes, the radiative accelerations are still larger than gravity by factors of order 5 and there is a large reservoir where each of those elements is pushed upwards. The reservoirs are however not unlimited. For instance Mn is overabundant by a factor of 20 at log M=M ?7 but its abundance at log M=M ?6 has decreased by a factor of 2. Since it is pushed upward from as far down as log M=M ?5 its abundance in the spike can increase by another factor of 10.
Other elements besides those shown in Figure 11 are also supported in the convection zone of that star, e. g., Cl and K (see Fig. 1 ).
In the 1:4 M model, the abundance spike covers the interval ?6 log M=M ?4, while it covers ?7 log M=M ?5 in the 1:45 M model and ?8 log M=M ?6 in the 1:5 M model. The gradual migration of the spikes as T e increases is not accidental but linked to the migration of convection zones. This leads to a progressive reduction of di usion time scales: by a factor of 10 from the 1.4 to the 1.5 M models because of the reduction of the mass of the convection zone and if one assumes everything else remains equal (Michaud 1977) . The time scales are further reduced by the increase in radiative accelerations: for instance, the radiative acceleration on Ni reaches a factor of 2 greater than gravity below the convection zones of the 1.4 M star but it reaches a factor of 3 greater in the 1.5 M model. This also increases the sharpness of the abundance gradients that di usion tends to lead to. These combined factors make the calculations of di usion progressively more di cult as the stellar mass increases and lead to numerical instabilities which forced us to stop the evolution calculations of the 1:5 M model after some some 41 Myr. This limited the overabundances to factors of 20, 20, 3, and 9 for Mn, Cr, Fe, and Ni respectively. The spike due to Fe leads to the largest e ect on Rosseland opacity because of its larger original abundance. In the 1:45 M model the maximum of the opacity spike is by a factor of 8 and the maximum overabundances are by factors of 9, 10, 8, and 20 for Mn, Cr, Fe, and Ni respectively. This occurs after 350 Myr or nearly 10 times the age of the last 1:5 M model calculated. From Figure 4 it appears that the 1:45 M model is approaching the age when its super cial convection zone is to start deepening because of evolutionary e ects. Abundance anomalies are then not expected to get much larger in that model. However the 1:50 M model has only gone through less than 10 % of its main{sequence life and abundance anomalies should continue to rise in it. As the star evolves one then expects the overabundances of the iron peak elements to get bigger below the convection zone and to involve greater depths (perhaps down to about log M=M = ?5 as in the 1:45 M model). All stars more massive than 1:5 M are probably a ected in a similar way.
Comparison of the time evolution of Fe and O shows why it is impossible to use Z to parametrize the e ects of di usion in stars of 1:5 M or more. Since O is not supported by radiative acceleration below the convection zone, its abundance there decreases. Since it is the largest contributor to Z, the value of Z then decreases. Iron peak elements are however supported in that region and they have a much larger e ect on opacity than oxygen, which is enhanced even further by the oxygen reduction. Using Z to parametrize the e ect of di usion on the Rosseland { 12 { opacity then has the opacity vary in the wrong direction. While it should increase because of di usion, using Z has it decrease because of di usion.
For models of 1:3 M and less there is no opacity spike since iron sinks throughout the star. The few overabundant metals in the 1:3 M model do not contribute signi cantly to the opacity. The opacity can then be parametrized as a function of the mass fraction of H, He, and metals with satisfactory accuracy. Iron settling is slowed by the radiative forces, however, even for solar{type stars (see Turcotte et al: 1998) . In the 1.4 and 1:45 M models the opacity spikes occur at the bottom of the convection zone but nearly entirely within it. The opacity near the limit of a convective zone is the most important parameter determining its depth. Thus the opacity spike leads to deeper convection zones. The deeper convection zone in turn slows down surface abundance variations and modi es which chemical species are supported below the convection zone. This sometimes leads to uctuations in the location of the base of the convection zone which are very di cult to follow numerically, and may sometimes be of numerical origin.
The important surface overabundances can a ect stellar structure in an additional way; it can modify the mean molecular weight gradient. If the mean molecular weight increases towards the surface it may lead to instabilities, as predicted when metals are accreted from an evolved companion (Pro tt & Michaud 1989) . In the present models the mean molecular weight gradient is always dominated by the helium abundance gradient.
E ect of the equation of state
The results presented in Turcotte et al: (1998) were obtained with the CEFF equation of state except that the models with the gray atmosphere boundary condition were calculated for both the CEFF and the EFF equations of states (see also Pro tt (1994), for a discussion of the di erences between these equation of states). The value of was hardly a ected while that of Y 0 was changed from 0:2764 (CEFF) to 0:2847 (EFF). In this paper Y 0 = 0:28 was used for all calculations.
In this paper, most results were obtained with the EFF. In order to verify the e ect this can have had on the results, models for 1.3 and 1:4 M were calculated using the CEFF. The g rad and the di usion of all elements were included. It was rst veri ed in the 1:4 M that the radiative accelerations were not a ected (not shown). A detailed comparison shows that the main e ect of the di erent equation of state is to lead to a slightly larger central temperature which increases the luminosity and causes the 1.3 and 1.4 models calculated with the CEFF to resemble slightly more massive stars calculated with the EFF (1.31 and 1.41 respectively). This behavior may be seen in Figures 3, 4 , 5, 7, 8 and 9. For instance, in the 1:4 M model calculated with the CEFF, the T e is slightly larger (Fig. 3) , the mass in the convection zone is slightly smaller (Fig. 4) than in the corresponding model calculated with the EFF. The time dependence of the surface abundances (Fig. 7) varies accordingly, essentially because of the shallower convection zone. For instance in the 1:4 M , when the convection zone is shallower, Fe and Ni have larger g rad (see Fig. 1 ) and { 13 { their abundances increase more rapidly with time.
One may then use the models calculated with the CEFF equation to increase the number of available models and so the mass coverage. In Figure 9 the surface abundances for 1.3 and 1.4 CEFF models give approximately the behavior for models of 1.31 and 1:41 M with the EFF. Since the CEFF is probably a more accurate equation of state than the EFF, it is probably the mass of the CEFF models that is closer to the real mass however.
E ect of momentum corrections on g rad
We calculated a model without using the correction factors introduced in paper II to account for momentum transfer to electrons and between ions of a given chemical species. The correction factors on the g rad of the most abundant elements, namely C, N, O, Ne, Mg, Si, S, Ar, and Fe, are currently available. The correction factor for most elements is of the order of 5 % at the base of the convection zone. Iron and argon are the two most a ected since gravity and g rad are about equal for them. Since argon has little in uence on structure, only the g rad of iron causes di erences between the two 1:4 M models. Figure 12 shows the time evolution of the iron surface abundance, of T e , and of the depth of the convection zone for 1:4 M models. Since the g rad are higher when not corrected, the surface abundance is greater in that model. Accordingly, for reasons discussed above, T e is higher and the convection zone is deeper. The di erences are small however and do not a ect the main results presented here. 
Lithium gap stars in clusters
In order to cover the Li gap with accuracy Richer & Michaud (1993) calculated many more models than it is reasonable to do with the complete evolutionary code used here. However, the results discussed above for the Li abundance are similar, for the calculated models, to those obtained by Richer & Michaud (1993) and essentially the same conclusions hold. Richer & Michaud concluded that the depth and position of the Li gap are well reproduced without any arbitrary parameter but that the calculated width of the gap is narrower than the observed width, or, equivalently, that one would expect, in a given cluster, fewer stars than observed to have Li underabundances. In order to con rm this, a much denser grid of models would be needed; this is left for future work. The results presented in Section 3 for metals in stars of 1.3, 1.4, and 1:45 M show that Fe should be overabundant by factors of 2 to 6 in stars of about 6900 K { 14 { (M 1:40 to 1:45 M ). In the 1:3 M model, there should be an underabundance of Fe by a factor of about 0.8. Underabundances of CNO are expected in all those stars by factors of 0.3 to 0.01. They may be compared to abundances of metals in clusters where the Li gap is observed.
Observations (Boesgaard 1989; Boesgaard & Lavery 1986) however show that anomalies of metals in observed stars of the Hyades, Coma, and some other clusters are no larger than 30 %.
The predicted values 4 of C/H], O/H] and Fe/H] are compared for the Hyades (Fig. 13) to the observations of Friel & Boesgaard (1990) , Garcia L opez et al: (1993) , and Boesgaard (1989) This implies that turbulence, mass loss or meridional circulation have considerably reduced the abundance anomalies in F stars of clusters. This is a strong argument against gravitational settling being the only process responsible for the Li abundance gap in the Hyades. The observations show underabundances of Li by as much as a factor of about 50. This can be explained by gravitational settling below convection zones but only if nothing perturbs the di usion process. The abundances of CNO and of Fe show however that this is not the case for all stars.
The Fm stars
One may compare the calculated anomalies to the Fm star observations of Smith (1973) . They are particularly useful because of the number of observed elements in relatively cool Fm stars. However most stars are eld stars of unknown age which must be compared to a model in a long enough evolutionary phase. They are compared to the 1:45 M model (Fig. 14) at an age of 362 Myr. The model is slightly cooler than most stars observed by Smith but it is the hottest model that we obtained at approximately half the main{sequence lifetime of an F Elements with 5 < Z nuclear < 20 are observed to be more abundant, compared to the Fe abundance, than the evolutionary models give. The relative abundances of Mg and Si are very di erent from the calculated values. This may hold information on the perturbing hydrodynamical processes. It would be important to have detailed observational studies of individual Fm stars in clusters in order to do detailed comparisons to these calculations. The abundances of many elements should be determined with modern observational tools and analyzed with accurate model atmospheres as done by Burkhart & Coupry (1989) for a few elements and Hui-Bon-Hoa et al: (1997) for A stars. An interesting potential list of objects may be found in North & Duquennoy (1991) .
Conclusion
Stellar evolution models have been calculated from rst principles for stars of 1.1 to 1:5 M . These cover the mass interval where di usion and evolution time scales are similar and must be calculated simultaneously. The mixing length was calibrated using the Sun. The abundances of 28 chemical species were determined throughout each model and their e ect on opacities fully taken into account. The Rosseland opacities is increased by factors of order 10 where iron peak elements contribute most to the opacity. This was shown to lead to an increase in the depth of the convection zone by factors of 3 to 5. This could be called an iron peak convection zone. We are presently considering the possibility that iron peak element opacity enhancement might lead to pulsational instabilities, as has already been suggested for sdB stars (Charpinet et al: 1997) .
These are the rst models that self{consistently calculate the evolution at the same time as the particle transport in the radiative zones of stars but only the hydrodynamical processes that can currently be calculated from rst principles were included. Comparisons with observations for F{type stars show that some hydrodynamical processes must inhibit atomic di usion. The observed anomalies are smaller than predicted except for Li. The present models can be used to constrain meridional circulation, mass{loss or turbulent transport related to rotation or to convective overshoot.
It will be important to test the alternate models that have been suggested to explain the Li gap. They mainly involve turbulent transport (see Charbonnel et al: 1992) . They must simultaneously reduce the di usion of other species but it remains to be seen if the two are quantitatively compatible. It is known that the AmFm stars usually have smaller abundance anomalies than predicted by unhampered atomic di usion (Michaud & Charland 1986) and mass loss has been suggested as the main mechanism to reduce the anomalies. The evolutionary models { 16 { that have been calculated here may allow to test if the main hydrodynamical process competing with atomic di usion is mass loss or turbulence. Having some 28 abundances determined precisely as a function of time should allow accurate quantitative tests.
It now appears that in the Sun neither turbulence nor another hydrodynamical process reduces gravitational settling by a large factor (see paper I and Pro tt . Otherwise the solar pulsation spectrum could not be reproduced 5 . It then is somewhat surprising that in F stars the e ect of atomic di usion on most heavy metals is strongly reduced. There remain anomalies specially in Fm stars but reduced by a much larger factor than in the Sun. This is an important constraint that is now established and that stellar hydrodynamics will need to explain.
In the current models, the advective part of the di usion velocities causes numerical instabilities above 1:45 M . Adding turbulent mixing would help stabilize the models and allow calculations for more massive stars than is possible at the moment. For some elements however, such as K or P, the radiative accelerations pro les are too noisy at low temperatures to be useful. The variations are not all physically signi cant and rapidly trigger strong numerical instabilities in models with very shallow convection zones. Work is presently in progress to improve the calculation of these low temperature radiative forces. Vauclair, S., & Pamjatnikh, A. 1974 , A&A, 31, 63 Vauclair, S. 1988 This preprint was prepared with the AAS L A T E X macros v4.0. .| Thermal di usion in a 1:3 M model at age 1 Gyr. The thermal part of the di usion velocity, w thermal , is compared to the net di usion velocity w total for a few elements, for zero radiative forces. The dip and bump at log T 7:1 are due to strong concentration gradients; the abrupt rise near the core is due to H and He gradients approaching equilibrium. The plot is limited to the radiative part of the envelope. .| The ratio of the Rosseland mean opacity calculated from the spectra and from the Rosseland mean opacity tables, as a function of depth, measured in mass from the surface. Each model shown is chosen at the age where the e ect is expected to be maximum. The vertical dotted lines mark the limits of convective zones. The ages of the models are in order of increasing mass: 3.5 Gyr, 2.0 Gyr, 1.0 Gyr, 350 Myr, and 41 Myr. Fig. 11 shows more details from the last case. Boesgaard (1989) , Friel & Boesgaard (1990) , and Garcia L opez et al: (1993) . The point marked \+0:3" was o the bottom of the scale and has been shifted up +0:3 dex. 
